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ABSTRACT

Single tensile overloads were applied to 4340 steel specimens which
were heat treated to give 120 and 220 ksi yield strength ievels. The
influence of yield strength level on the number of ncnsteady state crack
growth cycles subsequent to the apptication of = "2 percant overload
Qas noted to be substantial. The number of nonsteady state cycles for
the 120 ksi yield strength steel was approximately an order of magnitude
greater than that of the higher strength steel. A retardation model was
developed using a residual stress intensity factor concept similar to
that precocsed by Willenborg et. al. The model was found to predict to
within 10 percent the number of nonsteady state crack growth cycles
required to move a crack from the pre-overicad positicn to a subsequent
position, one overload induced plane stress plastic zone radius ahead of
the pre-overload position. The model indicates that the reason for
substantial increases in nonsteady state crack growth cycles observed for
the low strength steel is due to a corresponding increase in the overload
affected zone size.
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SECTICN I
INTRODUCTION

Variable amplitude load spectra when applied to cracked structures
result in observations of crack movement which are at variance with
simple no-load-interaction crack growt! prediction techniques. One
recognized facet of the crack growth behavior generated under spectrum
loading is that substantially slower crack growth F%tes are observed
when small amplitude load cycles are preceded by a load level with a
higher maximum.

Several crack growth retardation models have been developed to
predict this high-low load interactioii effect. Wheeler (Reference 1)
provided a model which identified the concept of a load interaction zone.
He derived this model assuming that the ratio of interaction zones is
directly related to the observed decrease in crack growth rates.
Willenborg et al (Reference 2) used the Wheeler formylation of load
interaction zones to derive a model which was based on the difference
between load interaction zone sizes. Both of the above mentioned models
were reformulated by Gallagher (Reference 3) to help identify the physical
implications as well as to provide identifiable modeling forms for others
who are directing their attention to 2 residual stress intensity factor
concept.

The use of a residual stress intensity factor concept suggests that
the local or effective stress intensity factor which is sensed by the
propagating crack be calculated from

SEEE S (1)

where K 1is the stress intensity factor associated with remotely applied
loads. The residual stress intensity factor (KR) would in general be
considered a function of many interacting variables, e.g.:
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- s OL 0L o o0 - )
KR f (Kmax’ Kmin’ NOL’ Kmax’ R ’Jys’N > o) (2)
oL _ ; . .
where Kmax = maximum K generated by the overload

Kg%n = minimum K~ generated by the overlcad
N = number of overloads applied
Koy = mavimum K“ generated by the loads following the overload

R = stress ratio of remotely applied loads

N = number of cycles of K:ax

o = yield strength level
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SECTION II
TEST METHODS AND MATERIALS

1. MATERIALS AND SPECIMEN GEOMETRY

The nominal chemical composition of the one-half inch thick 4340
steel specimens which were employed in this investigation is given in
Table ! and the heat treatment schedules used to produce the 220 ksi and
120 ksi yield strength levels are given in Table II.

The geometry of the specimens is shown in Figure 1 and the corres-
ponding stress intensity factor coefricient is given in Figure 2 from
reference 4.

2. TEST TECHNIQUES

A constant stress intensity factor condition was held throughout the
tests such that an overload stress intensity factor Kg:x of 40 ksi v in
was follewed by repeated cyclic load applications corresponding to a
remotely calculated stress intensity factor varying between 2 and 20
ksi ¥ in. The condition: 'g?\:x =40 kst /in, K =20 kst /i,
ﬁ;in = 2 ksi ¥ in was applied repeatedly to specimens heat treated to
the two yield strength levels while observations of crack length movement
were made. Prior to a reapplication of an overload, it was determined
that the cracking rates associated with the K;ax = 20 ksi vf?ﬁncondition
were steady stote and no longer appeared to be influenced by the

previously applied overioad.

A schedule of loads for any 0.025 inch increment on the crack path,
as required by Figure 2 to achieve the desired constant stress intensity
conditions, was developed prior to test start up and then utilized during
the test. It was normally ssible to define the surface crack position
tu within a (.0005 inch tolerance since crack length measurements were
made using a 20X Gaertner microscope mounted on a 1.0 inch Aerotech

translation stage which was remotely controlled to move in 0.0001 in-h
increments.
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TABLE I

NOMINAL CHEMICAL COMPOSITION OF 4340 STEEL

Mn P Tﬁ Si Ni Cr Mo Fe

6.40 ; 0.72 0.012 | 0.28 1.70 0.80 0.24 | Remainder

| |

TABLE 11

HEAT TREATMENT SCHEUULE FOR 4340 STEEL SPECIMENS

FOR 220 KSI YIELD STRENGTH

Austenitize T1600°F for 1 hour in salt bath

011 Quench

Temper 1 hour at 600°F in air

Water cool

Repeat steps 3 and 4

Suriace yrind, remyve 0.020 in. from both sides of the specimen

FOR 120 KSI YIELD STRENGTH

Repeat steps 1 thru 6 (20 ksi yield strength)
Anneal at 155G°F for 1 hour in air

Slow cool specimen in sand from 1550°F to ambient temperature
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3.
Thickness =
I |5 0.502 in.
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Figure 1. Geometry of Single Edge Notch (SEN) Specimen
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Loads were applied to the specimen with a mechanical test syster
(hydraulically actuated, servo-controlled) which had a Toad cell mounted
in series with the specimen. The frequency of applied lcading was 10 Hz
for the constant amplitude (sinusoidal wave) K;ax = 20 ksi /in,
ﬁ:in = 2 ksi /" in cyclic condition and approximately 0.05 Hz (manually
appiied) for the overload applications. The high frequency loading and
a desiccated air environment were employed to 1imit the influence of any
moisture induced environmental action (Reference 4).

P
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SECTION III

RESULTS AND DISCUSSION

1. CRACK GROWTH BEHAVIOR

Cetailed in Figure 3 is a schematic showing the parameters that have
been utilized recently (References 5, 6, and 7) to characterize the over-
load affected crack propagation behavior. The nonsteady state (overload
affacted) reyion is defined in terms of cycles (N*) and distance (a*),
termed the overload affected crack length, over which the reducing effect
is observed,

The observed crack growth behavior of a crack which has been subjected
*a 2 single 100 percent overload (K- = 40 ksi Vin , K™ = 20 ksi v/ Tn)
is presented in Figures 4 and 5 for the 120 and 220 ksi yield strength
levels, respectively. The data are presented in terms of an incremental
movement of the crack as measured from its position immediately prior
to the overload application. The data shown in Figures 4 and 5 were
utilized to find N* and a* for each overload application, Table IlII
contains a listing of the observed N* and a* parameters and the steady

state crack growth rates measured outside the delay region.

The average a* and N* parameters calculated using the data listed
in Table Il directly indicate the influence of yield strength on over-
load delay behavior. For the 120 ksi yield strength steel, the average
overload affected crack length is 16.6 mils which is traversed in
approximately 33,000 cycles; the corresponding values for the 220 k-i
yield strength steel are 4.6 mils and 4100 cycles. Or the - .°s of this
information, one would have to rank the 120 ksi yi< - :t.y"h steel
superior to the 220 ksi yield strength steel fur spectrum load usage due
to the significant increase in the number of reduced growth rate cycles
observed in this steel. Furthermore, the average steady state crack
growth rates for the 120 ksi yield strength steel are approximately a
factor of 2.5 lower than those assoctated with the 220 ksi yield strength
level.
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TABLE III

OVERLOAD AFFECTED ZONE PARAMETERS

,%?IL
ooax - 120 KSI 220 KSI
Kmax YIELD STRENGTH YIELD STRENGTH
OVERLOAD a* N> aa 2 N*  fa
mils &N oo mils AN T g
107 in/cycle 107 in/cycle
1 13 25,500 1.50 6 3800 4N
2 16 34,500 2.06 4 5600 4.69
3 19 32,500 1.22 5 4000 4.14
4 15 30,000 0.87 4 4000 3.7%
5 17 35,750 1.44 5 4900 3.70
6 i7 33,5600 1.83 4 2600 3.12
7 19 37,000 1.3 4 3700 3.05
8 17 36,000 1.16 5 4400 2.85
9 - - - 4 3900 2.66
VERAGE 16.6 33,100 1.43 4.56 4100 3,61
i% is the growth rate following overload affected growth region.
U ss

12
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2. (QVERLOAD DELAY AFFECTED CRACK LENGTH

As discussed by Gallagher (Reference 3), both Wheeler (Reference 1)
and Willenborg et al {Reference 2) assumed that the overload affected crack
length would be a fracticen of the overload established load interaction
zone (ZOL)' Wheeler assumed that 20, could be approximated by the over-
load created plane strain plastic zone radius while Willenborg et al
utilized the overload plane stress plastic zone radius to characterize
- The corresponding estimates of the overload affected crack length
used by Wheeler and Willenborg et al are

tA

Hne

. 1 max (3)

-t Ty T
YoL 4/—2_ T U_ys

and oL\ 2

A
I
=%
a
>

ys

respectively,

Recently, several investigators (References 5, 6, and 7) have
employed variations of the following relaticnship (ro is the plastic
zone diameter for the applied overload) to show good correlation with
measured overload affected crack lengths

~ +

- 2
N I\EIR (‘?r)(K ) (5)

Iys

where Preobst and Hillberry {Reference 7) assumed K+ z K&kx and both
Von Euw et al (Reference 5) and Trebules e* al (Reference 6) assumed
K = thx - Kﬁ%n. and X represents the fraction of the cross section
exhibiting shear lips. From the fracture surfaces, X was determined
to be near zero for both yield strength levels for this investigation:

Equation 5 reduces to + .\ 2
! ays

for the case when X is zero
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Table IV provides a direct comparison hetween the average overload
affected crack lengths {a*) determined from the data given in Table III
and the parameters calculated by Equation 3, 4, and 6 with K+ = Kg:x‘
It appears on the basis of this comparison that the Willenborg et al
plane stress assumption provides the more viable approximation to the
affecteZ crack length.

TABLE 1V

COMPARISON OF MEASURED AND CALCULATED AFFECTED ZONES

. *

’ys aavg "o "You VoL
(KSI) (in.) (in.) (in.) (in.)
120 0.0166 0.0118 .00625 0.0177
220 0.00456 0.00350 .00186 0.00525

Note that the inverse ratio of the two corresponding yield strength
levels squared (220/120)2 closely predicts the ratio of the average
measured affected crack lengths (16.6/4.6). It is expected that future
observations will further substantiate this influence of yield strength
(in a given material) on the size of the affected crack length.

3. WILLENBORG ET AL MODEL PREDICTED CYCLES

One test for any crack growth predictive model is its ability to
predict the number of cycles of applied load to achieve 3 given crack
length chanje. The Willenborg et al model as detailed by Gallagher
(Reference 3) takes a form identical to that given by Equation 1 where
the residual stress intensity factor KR is defined by

1/2
W, 0L _Aa "
KR Kmax (‘ 24, > Kmax (7)

14

o it % hemaken
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where Aa is the crack growth into the overload load interaction zone
(ZOL). Following an overload, Aa is approximately zero and the reducing
stress intensity factor is maximum. For the test conditions considered
in this investigation, Equation 7 gives an initial K: of 20 ksi Viin.
Equation 1 therefore preagicts that the maximum effective stress intensity
factor is zero at the crack tip.

The maximum effective stress intensity factor must be greater than
the threshold (maximum) stress intensity factor (approximately € ksi Jin
for steels when R = 0) in order that fatigue crack growth occurs. The
assumption expressed by Equation 7 must be in error since Table III shows
that a finite number of cycles was required to propagate the crack through
the overload affected crack length. Others (References 5 through 11)
have also observed that cracks grow after single overload applications
where Kg';x/Km ¢ 2.0, the condition for which the Willenborg et al

max
model predicts zero crack tip (effective) stress intensity factors.

4. ALTERNATE CRACK GROWTH DELAY MODEL

A more general approach to developing the residual stress intensity
factor would suggest that KR may be proportional to the Willenborg et al
residual stress intensity factor expressed by Equation 7.

_ W

Consider the appropriate test conditions required to evaluate the
proportionality factor ¢. One boundary condition might be the "shut-off"
overload to maximum load ratio (KS:X/K;QX) that produces no crack growth.
This would be established using techniques similar to those employed by
Probst and Hillberry (Reference 7). Assume that the shut-off overload
level develops a local stress intensity factor condition such that no
growth is induced. Since the fatigue threshold stress intensity factor
max imum (KmaxTH) is approximately constant for negative stress ratios

ff
&

(Reference 12), set the maximum local stress intensitv factor (Kmax

15
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equal to Knax for zero tension loading (R = 0). Using Equations 7 and

TH
eff
8, Kmax can be expressed as

ceff _

o . oL ta 41/2 ®
max = fmex T ¥ | Knax (1 - ESL) " Knax (9)

Immediately following the shut-off overload Kg:x which produces no growth,

22 =0 and KEff =¥ and Equation 9 can be solived for ¢ subjected to
max maxTH

these assu ptions:

o

- K
'Snax maxTF

e R (10)
Knax = Knax

Probst and Hillberry (Reference 7) presented results in which
increasing higher overloads eventually produced a condition of no crack
growth for five different K;ax levels in 2024-T3 Aluminum. They found
that the shut-off overload ratio was given by

oL o«
Kmax/Kmax = 2.3 ()

for each Kmax level studied.

16
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5. CRACK GROWTA PREDICTIONS WITH NEW MODEL

In order to develop ¢ estimate of the number cof nonsteady state
cycles (N*) associated with the overload affected zone the crack growth
rates that result from each application of loading must be integrated
over the overload affected zone. A Paris power law equation (Reference
13)

‘;_a.: “\p
N - ek (12)

was rchosen as an adequate representation of the crack growth rate data
for stress ratios less than C.1 (assuming that tension only stress
intensity factors establish .K).

The steady state crack growth equations used for predicting N* were

ja -10 ..3.2
o 1.376 x 10 cKope (13)

for the 120 ksi yield strength steel and

2 - 3.46 x 10710 K32 (13)

for the 220 ksi yield strength steel. The exponent 3.2 was determined
from independent tests on these two steels by others (References 4 and
14) ar3 the pre-exponential constant was selected so that Equations 13
and 14 would intersect the average steady state crack growth rates at
K= 18 ksi Vin given in Table II1.

The effective stress intensity ranges used in Equations 13 and 14

were obtained either by subtracting KEIE from K;:: when K::: was greater
than zero or by the value of Kﬁ:: when Kﬁfﬁ calculated using Equations

] and 9 was less than zero.

17
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The parameter ; defined by Fquation 10 was estimated on the basis of
two assumptions: (1) the shut-off overload ratio for the steels investi-

gated is close to that defined by Equation 11 and (2) Kmax for steels
OTH
is approximately 6 ksi yin for a stress ratic of zero. Equation 1y

subjected to these two assumptions becomes

1 - 6/K
. max_
: 3 (1%)

A nurerical integration approach was employed to estimate the nu-ber
of applied cycles reguired to propagate the crack from its preoverload
position to a position one plane stress (overload) yield zore radius
(Equatior 4) aheac of the preoverload position. One-tenth of the piane
stress yield zone radius was thought to be an adequate incremenrt in
the integration scheme. Table V lists the calculations corresponding
to the developrent of the predictions based on the new model defined by
Eguations 1, 7, 8, 15, and 13 or 14. Table VI summarizes the results

of a *, K*, r_, N** (average number of N measured to achieve r )
YoL YoL
and the corresponding predictions associated with both the Willenborg

et al and new models. As can be discerned from Table VI, the new model
predicts (to within 10 percent) the number of cycles observed to achieve
rYOL' The new model is also noted to be conservative since steady state
rates are predicted in a shorter number of cycles than was observed.

6. PREDICTION OF CRACK GROWTH RATES USING NEW MODEL

Tne crack growth data presented in Figure 4 were used to obtain the
cyclic crack growth rates for the 120 ksi yield strength 4340 steel
listed in Table VII. The fatigue crack growth rate data for the first
five singularly applied overloads are presented graphically in Figure 6.
While the magnitudes of the crack gr~vth rates associated with each curve
plotted are noted to be similar, the e appears a tendency for the shape
of the trough in the curve to become flatter and longer with each succeed-
ing overload. This observation is reinforced when Table VII is used to
compare the growth data for the first and second overlosd to that tor
the seventh and eighth overload. The reason for this change in crack

18
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TABLE V

LIST OF CALCULATIONS FOR SURFACE OBSERVATIONS

' “ys = 120 KSI "ys = 220 KSI
-
X X Ky A “a N ‘a N
KSI A7 10-6in/cyc]e mils 10'6in/cyc]e mils
0
0.1 9.7 0.169 1.77 | 8950 | 0.427 ' 0.53 1065
0.1 ! ,
0.1 10.9 0.240 177 662 | 0.603 L 0.53 733
0.2
0.l f 121 0. 1.77 | 4410 | 0.858 § 0.53 525
0.3 : | I
BRI 0.480 177 % 31e2 | 1.208 0.53 379
0.8 | [
0.1 14.8 0.655 1.77 i 2315 | 1.686 0.53 275
b0 |
! 0.1 16.3 0.905 1.77 ; 1700 | 2.275 0.53 | 202
0.6 : ‘
01 176 AL 1.77 ; 1330 | 3.05 .53 158
3.7 : :
0.05° 18 1 1.430 0.89 { 620 | 3.60 5.26 78
0.75 f ' !
0.25 g 18 1.430 4.42 | I0HO | 3.60 1.32 179
1,90 |
jﬁ e 31750 iN s 3780
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TABLE VII

CYCLIC CRACH GROWTH BATES FOR THE 120 KSI YIELD STRENGTH LEVEL
FIRST OVIRLOAD
b
dy af & a CyCLES ON dAve CONDITION
mils mils mils 1078 infevele mile
—
0 2.8% 2.8 * 1 2800 1.6 Overload
I (<]
0 3.5 3.5 2000 1.75 1.75 Koax = 20 ksi T
1.5 5.5 2.0 5000 0.33 4.5
6.1 7.3 1.2 RIATVIo) U.153 6.7
7.3 5.9 1.b b0 0. 266 5.1
K. G 1209 3.9 7000 0. 556 10.6
]
8.9 I 12.5 3.6 | 4000 0.900 10.7
[ L St 4.0 L (SR 1.50 15.6
SECOND 0y BLash
‘. 220 3.0 i o 1.6 Over Lol
u - 3.2 t 3,2 1o K s 20 kst VIn
i nax
N Wl 1.1 o 0.5h 3079
i
aod 0% 0 1.0 3(10h 0.2v 48
! { :
5,3 1 A KN D TE [ KT RERA [
| :
PT Yol ’ oo O Q.17 8.3
R 1. i 1 sugo 0,42 10,04
1.1 ! TR ) 0. 34 11,8
! '
| T N IR U A I au .02 12,058
1o l i Ny KO AIH U, 60 1.8
i
R A 4.2 LoD 0,70 13.4
. Ly - 1 a1 S [IREN Phouh
! |
1403 |, U not MEITTe F R 17,40
' P
1.0 S S, Ul Vit Ja,uh
7.6 : "y A ] LYIRE T
: E
17.0 } [T i h l IR S oS
i L

* Based on Linear Extrapolation
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TABLE VII (Continued)

THIRY QVLRLOAD

“9 "g du CYCLsS b ar.vc CCuniTIoN
[SPEN Laedd alay N
P‘_______L_ 107%5a/eyciv zils

0 3.0% 1.0 % H 3000 1.5 Overloal
o b oas 1.5 1000 3.5 1.75 K =20 kst Jin
3.5% 4.2 8.7 2000 0.5 .55

"-3§ 5.4 1.2, 4000 0.3 4.8

5,40 1.7 2.3 7000 0.13 6.55

7i 6.9 1.2 so00 1 0.300 8.3
12 lorals 3.2 €000 t 0.35 12. 85
IFRERRTA 3.2 oo b 0.64 14.6
14.1§ 16.2 2.1 2000 ‘ 1.05 15.1
16,17 19.0 5.9 W00, 0.u8 16.5
16.2% 19.0 2.8 00 1 0.93 17.4
w.(.;[ 21 2.1 2000 ‘ 1.04 20.1
1'r.n§ 275 8.5 7040 ; 1.22 212

. [
A -
FOURTH  WVLREOAD

0 3.0 % 3.0* 1 3000 1.5 Overtoad

o] 3.3 1.4 1060 3.3 1.65 Ko, ©20ksi o in
3.1 19 0.6 1000 0.6 3.6

TRY N 1.7 3000 0. 56 4,15

5.0l 601 1.3 3600 0.43 5.6%

a1 da 1.0 e 0.1 7.5

B.4] v 1.1 %000 0.2 8.9

h,n | 1.9 6us0 0.1 10. 44
el 12 .6 3000 0.2 1.7
1|1 1.2 2080 0.6 12,4
1.e] i 2.2 00U a.1 1.0
I 15.1 i1 00 1.0t 13,59
1 1.1 2.1 200 .09 a0
14 N 7.0 ) 0.87 155

* Based on Linear Extrapolation 22
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TABLE VII (Continued)

FIFTH uVi.l.0ao

a, “e JAR CYliilo D “\‘,, CONLITLLN
.. . ) I
o ls Sian mils Pt
- . .
10 UA:‘A,"\.‘;\.Ac e Ly

0 3.9% 3.9% 1 3900 1.95 Over luad

0 4.0 - 4.0 1000 4. z.0 Koax = 20 ksi o in
4.0 5.9 1.9 5000 v.38 4,99
5.9 8.2 301 5000 0.46 .03
6.2 | 12.5 a3 F100u .39 19. 1%

1.5 12,5 2.0 500¢ .4 13.5

e 10,7 . Aty w2 5.1

15.7 1701 1.4 4000 U. 45 i 4

fo.n 1 17.] | NS 2000 0.3 la. &

6.5 18,0 1 1.4 SO0 U 1Lon
i

1.5 19.5 | M J. 75 17.5

17.i 1.5 e 2000 1..20 18,3

17.1 27.2 LV 70140 1,44 22,15

SEXT-§ OV 0N

G S* H% : } 5000 2.5 Ol load

o G U T BT w3 1,18 K (T
]

v
o
e
—
w

. 100y 1.1 5,65
6.3 6.7 24 ! 2000 1.2 7.5

l 10U 1.0 Y,2
9.7 100 1.} [ 3000 0.4 9,19
10.0 10.¢ 0.6 ! 500 0.1 1.3

10,6 13.0 2 ; 10U U, 1.8

13.0 15,04 ) KOG [VRRIT) 14,2
HE 17 v M) 0.40 1,
17 Lz2.u U.Y ! [UNTY] Ploas
17 | Sl .l NURY ] [ ) Th,an
" 1
17.9 Tl [N Judn) P.o0 idon
b/ I ] (G0 1.4 [
- 19,0 [ oow Ty l.81! AYIRD ‘

*Based on Linear Extrapolation 23
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TABLE VI! (Continued)
SEVENTH  OVERLOAD
o 4y Os CYCLES X a AVG CONDITION
mils mils mils LN
X 1070/ cyele wils
1
[\l 4% Lx i 4000 2 Overload
0 . 4 1000 4 2 » oy 20 kst i
4 . 3.5 2000 1.75 5.75
[ 11,4 “.7 A0G0 1.2 8,95
9.7 J 2.1 NURY 1,17 10.85
1. AR 1. L0 0.3 11.9
1.5 1w.¥ 2.3 §0 0.28 13.6
14.n ' ot 1.5 1oCon 0.15 15.5
16.3 7.5 1.2 5190 0.24 16.9
17.0 14,4 1. S0H00 0.3 18.2
1.9 21 2.5 3000 0.4d3 149,75
14 S iu.h 5000 1.31 24,3
VIGHTH CVERLOAD
" 5 n L% 1 4000 2 Necyrload
0 . . 1000 6 3 £ 20 kel Jin
b Sh 40D 1,17 o,
G u, [ ME 0.8 A
9.1 e R SHU0 0.72 10,5
b 14 1.4 UL 0.0 11
[N I 1ol 80O 0.11 14,00
1.1 1200 I 4100 0.1 153
19,4 1l.H 2.4 1000 0.4 l6.6
1S 11 1.7 30G0 U. 57 18.4
17,0 210 1Y A000 5T 19,25
I 17.49 6.0 8, 70400 .16 21.9%
*Based on Linear Extrapglation
24
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growth behavior with each successive overload is due to the thru-the-
thickness crack front curvature charges which will be discussed below.

Table VIII provides a summary of the crack growth rate behavior for
the first five singularly applied overloads as a function of the crack
movement subsequent to the applied overload. These data were then used
to obtain the average growth rates as a functior of position for the first
four and first five overloads. Table V lists the crack growth rates
computed using the model as a function of incremental position in the
averload affected zone. Figure 7 presents the average growth rate for
the first four and first five overloads (see Table VIII) and the calcu-
Jated crack growth rates for the rew model,

Figure 7 shows that the cbserved behavior is substantially different
from the model prediction in that the observed growth rates reduce grad-
uallv to their lowest level while the model predicts an abrupt change
in growth behavior followed by a monotonicclly increasing growth rate,
It can be noted that the model's monotonically increasing crack growth
rate parallels the observed average growth rate behavior as it again
increases to its steady state level. If the steady-state crack growth

region at the end of the ry (i.e. 4.7 mils) is shifted to a position
oL

priaor to the baginning of the growth delay region, the model Sehavior
closely describes the average growth rate curves (see Figure 8).

7. BELOW THE SURFACE

It was assumed that the crack growth behavior observed on the surface
was fdentical to that whic.. was occurring within the specimen. Failure
of the specimen revealed that following the initial overload, the surface
crack movement in the 120 ksi yield strength steel specimen lagged the
crack movement in the center of specimen by an increasing amount with
each additional overload application. Detailed in Table IX is a Visting
of the surface and internal crack movements as related to appliea over-
load and constant amplitude cycles between overloads. The prior 1. over-

load application crack position on the surface and at the center of the
,ecimen {5 tabulated in Table X,

26
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TARLE VIII

GROWTH RATES FOR OVERLOADS I THROUGH V WITH AVERAGES *

da da da da da gell da
dN | I dN{ 11 aN 1| dn v dNiv | dNiAvG(1-4) | dNlave (1-5)

LarE
mits
2+ 1.50+ 2.28+ 2.63+ 2.48% 4.0¢ | 1.60+ 2.08+
3 0.80 1.01 0.89 1.01 1.8 0.93 1.10
4 0.42 0.42 0.34 0.57 0.80] 0.44 0.51
5 0.27 0.20% 0.30 0.49 0.38] 0.32 0.33
6 0.18 0.22 0.30 0.4 0.41] 0.28 0.30
7 0.17 0.21 0.30 0.33 0.45| 0.2% 0.29
8 0.25 0.18 0.30 0.26 0.44 | 0.25 0.28
10 0.47 0.40 0.32 G.27 0.39) 0.3% 0.37
12 1.05 0.4 0.34 0.30 0.39 | 0.52 0.50
14 1.32 0.8 0.52 1.02 .37 0.9 0.80
16 132 1.2 0.88 0.98 0.33( 1.09 i 0.9

' 18 1.32 1.59 0.94 0.98 0.96 | 1.7 1.15
20 1.32 1.72 1.04 0.86 1.30f 1.24 1.2%

* ATl rates are in units of 10°° in/cycle
- ** (rack movement subsequent to overload application
* Assuming no incremental rovement due to overload

27
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TABLE IX

SURFACE AND INTERNAL CRACK MOVEMENTS BETWEEN SINGLE OVERLOADS

CRACK MOVEMENTS OBSERVED

aag* Aa?;t Jint** Cycles Between
Overload Mils Mils Mils Overloads
1A* 35 47 2 30,000
1 25 39 4 35,000
2 29.5 40 3 52,000
3 27.5 38 3 42,000
4 23.5 34 2 40,000
5 27 34 2 42,000
6 40.5 38 2 41,000
7 32 38 2 46,000
8 26 38 3 43,000
AVG (1 - 8)} 28.9 37.4 2.5 42,600
* Qverload 1A had a reduced Kggx/Km of 1.8

Y 3 > »
‘Aas...am

overloads,

¢ and J

int

max

were the observed total surface movements,
observed total internal movements, and jumps associated with the
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TABLE X

SURFACE AND INTERNAL CRACK POSITION PRIOR TO EACH OVERLOAD APPLICATIGN

CRACK POSITION
OVERLOAD SURFACE INTERNAL
In. In.
1A* 0.958 0.958
1 0.993 1.005
2 1.018 1.044
3 1.047 1.084
4 1.075 1.122
5 1.099 1.156
6 1.126 1.190
7 1.166 1.228
8 1.198 1.266
0.L. No. 8 PLUS 43000 CYCLES 1.224 1.304
* QVERLOAD 1A HAD A REDUCED Kg:x/K;ax of 1.8
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Note is made in Table IX of the incremental Jjump in the center of
specimen crack position that occurs during the overload cycle. This
Jump phenomenon has also been observed by Von Euw et al (Reference 4)
and by Hall (Reference 15). The average crack jump during the overload
was approximately 2.5 mils, approximately two orders of magnitude higher
than what would have been calculated using a steady state growth rate at
a 'K =40 ksiy/in. The present model does not account for accelerated
growth,

It is suspected that a generalization of the use of the load inter-
action zone concept (Reference 3) could be employed as a first step in
modeling the jump phenomenon. For example, consider Figure 9 where the
base line no retardation curve (K*) has been established for a low level
loading which produces steady state growth. A high level load is applied
at crack length 3y, » establishing a subsequent no retardation curve
(K**).  Assume that the incremental movement (accelerated yrowth)
accompanying the application of the high load is related to the difference
between the two no retardation curves (i.e., K* and K**), Taking the
same approach that was employed in the development of the retardation
model presented above, one could set the residual stress intensity factor
equal to a proportionality factor multiplied by the aifference in the
no retardation stress intensity factors, i.e.

KR = «A (K¥* . gw) (16)
which would then be used in conjunction with Equation 1 to calculate
the rate of crack advance. Insufficient evidence precludes any further
discusston of the applicability of the load interaction concept as
applied to overload induced crack growth acceleration.

Since the crack growth behavior obtained through surface observations
s significantly different from that noted along the center of the
failed specimen, it is difficult to place full confidence in the crack
growth rate behavior generated using surface growth data. Possibly,
there is a rather abrupt deceleration in crack advancement following an
overload but this question will have to be addressed by future investi-
gations of the delay phenomenon.

3
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Using the internal crack tip position (see Table X) and the known
applied loads employed to control stress intensity factor variables on
the basis of surface measurements, it was possible to determine the
change in the stress intensity factor variables associated with the mid-
specimen position. The average constant amplitude stress intensity range
was 19 ksi Vin. It changed from 18 to 20 ksi v/ Tn  between the first
overload and the last constant amplitude cycle. The average K;;x was
21 ksi /T, while the average K’- was 42 ksi V7n. Table XI provides
the calculations for the retardation model behavior with the mid-stress
intensity factor specimen conditions. Following the numerical integration
through the overload affected zone (a* = 14.6 mils) the crack was allowed
to move to the average Aaint position (see Table IX). The calculated
number of cycles is approximately 94 percent of the average number of
constant amplitude cycles applied between overloads.

34
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TABLE XI

RETARDATION MODEL CYCLE CALCULATIONS ASSUMING
MID-SPECIMEN STRESS INTENSITY FACTOR

m?]s m??s i:?xETﬁ o
0 1.95 10.2 8392
1.95
1.95 11.5 5717
3.90
1.95 12.8 4058
5.85
1.95 14.1 2978
7.80
1.95 15.6 2154
9.7%
1.95 17.2 1577
11.70
1.95 18.5 1249
13.65
0.975 19 573
14.62
22.8 18 13406
37.40*
AN = 40104 = NM
* 37.40 was taken as average movement between overioads (see Table IX)
which could be associated with an average number of cycles (Navg) of
42,600 to produce this growth: NM/NAVG = .94

35
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SECTION IV
SUMMARY

Significant differences in delay cycles were observed when the yield
strength of a 4340 steel was varied from 120 to 220 ksi. Subjecting
specimens to controlled stress intensity factor conditions: single peak
overloads with Kg:x = 40 ksi vin followed by constant amplitude cycling
with K:ax = 20 ksivin (R* = 0.1), indicated that for the same external
loading {e.g., spectrum loading) more retardation can be expected from

a steel with Tower yield strength.

Following the deveiopment of a retardation model based on overload

shut-off and threshold stress intensity factor conditions, it was possible

to show that a lower strength steel gives more retardation for a given
loading condition primarily because its overload created load interaction
zone is significantly larger.

The retardation modei developed herein was found to predict to with-
in 10 percent the cycles required to propagate a crack from its position
immediately prior to overload application to a subsequent position a
distance one plane stress plastic zone radius ahead of its pre-overload
position. Crack growth rates obtained from surface measurements were
not adequately predicted by the retardation model but note was made of
similarities in predicted growth rates and observed behavior,
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